In the Great Plains of the central United States, water resources for human and aquatic life rely primarily on surface runoff and local recharge from rangelands that are under rapid transformation to woodland by the encroachment of Eastern redcedar (redcedar; Juniperus virginiana) trees. In this synthesis, the current understanding and impact of redcedar encroachment on the water budget and water resources available for non-ecosystem use are reviewed. Existing studies concluded that the conversion from herbaceous-dominated rangeland to redcedar woodland increases precipitation loss to canopy interception and vegetation transpiration. The decrease of soil moisture, particularly for the subsurface soil layer, is widely documented. The depletion of soil moisture is directly related to the observed decrease in surface runoff, and the potential of deep recharge for redcedar encroached watersheds. Model simulations suggest that complete conversion of the rangelands to redcedar woodland at the watershed and basin scale in the South-central Great Plains would lead to reduced streamflow throughout the year, with the reductions of streamflow between 20 to 40% depending on the aridity of the climate of the watershed. Recommended topics for future studies include: (i) The spatial dynamics of redcedar proliferation and its impact on water budget across a regional hydrologic network; (ii) the temporal dynamics of precipitation interception by the herbaceous canopy; (iii) the impact of redcedar infilling into deciduous forests such as the Cross Timbers and its impact on water budget and water availability for non-ecosystem use; (iv) land surface and climate interaction and cross-scale hydrological modeling and forecasting; (v) impact of redcedar encroachment on sediment production and water quality; and (vi) assessment and efficacy of different redcedar control measures in restoring hydrological functions of watershed.
Introduction
Surface runoff and groundwater recharge from rangeland ecosystems in the Great Plains of the United States is, in general, scarce and highly variable [1, 2] . It is a formidable challenge to meet the increasing demands on water resources by agriculture and energy production, as well as the increasing human population, while also maintaining ecological flow for aquatic ecosystems. Additionally, global warming and the ongoing land use and land cover change may exacerbate this challenge. Of particular relevance and a current concern in land management are ecological regime shifts due to the rapid proliferation of eastern redcedar (Juniperus virginiana L.; herein referred to as redcedar) into rangelands and its potential impact on hydrological processes, runoff regime, and groundwater recharge potential.
The Great Plains is a transition region between relatively moist eastern deciduous forest and arid desert to the West. Reductions in the number and frequency of fires in the region and minimal active grassland management are two key factors leading to woody plant encroachment into grassland areas [3] , as well as the densification and mesophication of forests [4] . Over the past century, redcedar has increased and become dominant at many rangeland sites in the Central Great Plains where it was historically absent. As encroachment increases, redcedar displaces native flora and fauna [5, 6] , thus reducing biodiversity [7] and habitat quality of important wildlife species. The encroachment also severely reduces livestock production, which is the primary regional land use and the critical economic activity in the region [8] .
Interests and concern regarding redcedar encroachment are not recent. A chronological timeline ( Figure 1 ) of research on redcedar encroachment illustrates the evolution of interests and concerns from economic, then to ecological, and finally to water resources. The concerns of its impact on water resources are most recently reflected by several studies conducted in the rolling plains of Oklahoma and the Sand Hills of Nebraska. In this synthesis, we will discuss the change of hydrological processes, and therefore, the "rebalancing" of the water budget associated with the land surface transformation from grassland to redcedar woodland for selected sites in the Great Plains, USA. We will discuss the alteration of critical hydrological processes and individual components of the water cycle after redcedar encroachment. The discussion is based on our research of over a decade as well as research findings reported in the literature. Our focus will be on the impacts of encroachment on runoff (Q) and groundwater recharge (G), two small and usually ignored components in the hydrologic analysis of semiarid and sub-humid watersheds. We will conclude by positing research challenges and opportunities based on the literature synthesis, which could continue to improve our understanding of these important ecological processes and ultimately help curtail the progression of redcedar and sustain the hydrological function and water resources in the vast rangeland in the Great Plains of USA.
Redcedar and Its Proliferation

Distribution and Dynamics
Redcedar is a native coniferous evergreen species. Its natural distribution spans from the East of the Rockies throughout the East and lower and upper Midwest of the USA [9] . Within the Great Plains, redcedar is found throughout the eastern and central portions ( Figure 2 ). McKinley et al. [10] indicated that about seven million hectares of grasslands in the portion of the Great Plains had been encroached upon by redcedar. Redcedar can survive in shallow and dry soils and is moderately tolerant of alkaline soils. Recently, Wang et al. [11] showed that, for ten counties in central Oklahoma, redcedar was expanding its encroachment into grasslands at a rate of about 8% annually. In a companion study, Wang et al. [12] concluded that redcedar abundance has increased since 1984 at an annual rate of 40 km 2 year −1 and that redcedar patches detected in 2010 were mainly distributed in sandy and loamy soils that had a low potential for storing water in the upper soil layers. In Nebraska, approximately 8100 ha of non-forested lands were converted to redcedar forest annually [13] . Recent studies are documenting the expansion of redcedar into regions that were previously considered to be resistant to encroachment (e.g., Nebraska Sandhills [14, 15] ).
Figure 1.
A chronological timeline detailing the progression of scientific understanding of redcedar impacts on the natural system and, ultimately, on societal systems. Notably, the concerns were initially focused on the loss of economic value and ecological impacts. Concerns specifically regarding impacts on water resources began around 2010, concurrent with the episodic droughts and extreme water stress that affected the study region.
The causes of expansion of redcedar in the tallgrass prairie have been widely studied and primarily attributed to anthropogenic-induced changes such as the reduction of the fire frequency and intensity and the increase of grazing intensity [3, 16] . A more recent study analyzing the time series of redcedar composition also links the initial establishment of redcedar with episodic events such as protracted drought [17] . The rates of redcedar encroachment in the Central Great Plains is twice that occurring in the Southern Great Plains and almost four times that in other more arid regions in North American rangelands [18] .
Morphological and Physiological Traits of Redcedar
Redcedar is an evergreen tree with a pyramidal form when grown in the open. The foliage of young trees is usually sharp and spikey, while the foliage of older trees is scaly, overlapping, and branched [19] . A mature tree grows to a height of 10-12 m, and the branches may spread four to five m in diameter.
Redcedar was initially reported to grow well in open field habitats as a sun-adapted, droughtresistant species with a long growing season, which includes winter, but excluded from mature forests because it is shade-intolerant [20] . However, it was reported to be a regular component of the understory in mature oak-hickory forests in central Missouri due to it being an evergreen conifer and able to maintain a positive CO2 balance throughout much of the year in a deciduous forest [21] . In study locations within North-central Oklahoma, redcedar encroaching into the mid story of the oakdominated Cross Timbers now composes 21% of the canopy cover [22] . The mechanism of redcedar to live both in open and understory settings is not well understood. A chronological timeline detailing the progression of scientific understanding of redcedar impacts on the natural system and, ultimately, on societal systems. Notably, the concerns were initially focused on the loss of economic value and ecological impacts. Concerns specifically regarding impacts on water resources began around 2010, concurrent with the episodic droughts and extreme water stress that affected the study region.
Redcedar was initially reported to grow well in open field habitats as a sun-adapted, drought-resistant species with a long growing season, which includes winter, but excluded from mature forests because it is shade-intolerant [20] . However, it was reported to be a regular component of the understory in mature oak-hickory forests in central Missouri due to it being an evergreen conifer and able to maintain a positive CO 2 balance throughout much of the year in a deciduous forest [21] . In study locations within North-central Oklahoma, redcedar encroaching into the mid story of the oak-dominated Cross Timbers now composes 21% of the canopy cover [22] . The mechanism of redcedar to live both in open and understory settings is not well understood. The majority of hydrological studies have employed experimental manipulations in locations where grasslands have undergone regime shifts to juniper woodland (e.g., Oklahoma) [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Fewer studies have employed simulations or scenario analyses to assess the relative vulnerability of regions where grasslands are still intact, but at the early stages of redcedar encroachment (e.g., states in the Northern Great Plains), to delineate potential impacts to water resources with future spread and grassland conversion [39] [40] [41] [42] [43] [44] [45] .
Alteration and Rebalance of Water Budget after Redcedar Encroachment
For a watershed without inflow, the available water resource for non-ecosystem use come from runoff (Q) and groundwater (G) and is represented by the following water balance equation:
From the water balance perspective, Q and G are the residuals of the influx of precipitation (P) and the outflux of evapotranspiration (ET), assuming the net change of soil water storage (∆S) is negligible for the concerned period. ET can be further partitioned into evaporation from the canopy (Ec), litter layer (El), and soil (Es), and transpiration (T) by vegetation. Emergence, development, and the establishment of an evergreen redcedar canopy in herbaceous dominated grassland will substantially transform the canopy structure, the litter layer dynamics, and the bare soil affecting Ec , El, and Es. Changes in the rooting structure and the depth, and the phenology of water uptake will change the spatial and temporal dynamics of soil water storage (∆S) and transpiration (T). In principle, changes in the ET components have to be rebalanced by either runoff or groundwater, or both under the same precipitation input (Figure 3) . The majority of hydrological studies have employed experimental manipulations in locations where grasslands have undergone regime shifts to juniper woodland (e.g., Oklahoma) [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Fewer studies have employed simulations or scenario analyses to assess the relative vulnerability of regions where grasslands are still intact, but at the early stages of redcedar encroachment (e.g., states in the Northern Great Plains), to delineate potential impacts to water resources with future spread and grassland conversion [39] [40] [41] [42] [43] [44] [45] .
From the water balance perspective, Q and G are the residuals of the influx of precipitation (P) and the outflux of evapotranspiration (ET), assuming the net change of soil water storage (∆S) is negligible for the concerned period. ET can be further partitioned into evaporation from the canopy (E c ), litter layer (E l ), and soil (E s ), and transpiration (T) by vegetation. Emergence, development, and the establishment of an evergreen redcedar canopy in herbaceous dominated grassland will substantially transform the canopy structure, the litter layer dynamics, and the bare soil affecting E c , E l , and E s . Changes in the rooting structure and the depth, and the phenology of water uptake will change the spatial and temporal dynamics of soil water storage (∆S) and transpiration (T). In principle, changes in the ET components have to be rebalanced by either runoff or groundwater, or both under the same precipitation input ( Figure 3 ).
Figure 3.
Graphic illustration of the current state-of-the-science on the alteration of hydrological components following a grassland transition to redcedar woodland. Arrow shows the direction of the flux or the flow path of each component. "+", "-", and "?" in the parenthesis represents "increase", "decrease", or "uncertain" of the magnitude of each component, respectively.
Evapotranspiration
Evapotranspiration is usually the largest water flux from dryland ecosystems, accounting for over 90-95% of precipitation [2, 46] . The reported ET for a tallgrass prairie ranged from 663 mm year −1 to 813 mm year -1 depending on the location and climate condition [47, 48] and accounted for 80-90% of annual precipitation.
Direct ET measurements of redcedar encroached sites are limited. The patchy nature of redcedar encroachment limits the application of the eddy covariance (EC) technique due to the large fetch requirement. In a study that did use the EC technique, Duesterhaus [47] compared the annual ET of an even-aged (of about 50 years old) redcedar site and an adjacent prairie site in Kansas with an average annual precipitation of 880 mm. Annual total ET for the woodland site was 885 mm compared to 813 mm from the prairie site, a difference of 8%. This indicates that a mature redcedar site is capable of evapotranspiring all precipitation for a year with average precipitation in that site. In a year of below-average precipitation (677 mm), separate measurement of interception and transpiration suggested that all precipitation was either intercepted or transpired and exited back to the atmosphere in a stand with complete canopy closure of redcedar trees in a site at the Central Great Plains [23] . Hydrus 1-D model simulations over a 13 year period from 2000-2012 using climate data (precipitation, wind speed, air temperature, dew point temperature, atmospheric pressure, and solar radiation) from a site in Oklahoma showed that, on average, ET accounts for 45% of the reference ET (ETo), but over 95% of the precipitation [24] . ET simulation using the Soil & Water Assessment Tool (SWAT) suggested that the ET was higher under the redcedar cover than under tallgrass prairie cover, and that the difference increases in a wetter basin or under higher precipitation [25] .
These studies, using different approaches and being conducted at multiple spatial scales, mostly agree that encroachment of redcedar increases total ET loss. The increase in ET usually accounts for only a few percent of the total precipitation. Considering the average runoff coefficient, the percentage of precipitation that will become runoff, for this region is low, this level of increase in ET 
Evapotranspiration is usually the largest water flux from dryland ecosystems, accounting for over 90-95% of precipitation [2, 46] . The reported ET for a tallgrass prairie ranged from 663 mm year −1 to 813 mm year −1 depending on the location and climate condition [47, 48] and accounted for 80-90% of annual precipitation.
Direct ET measurements of redcedar encroached sites are limited. The patchy nature of redcedar encroachment limits the application of the eddy covariance (EC) technique due to the large fetch requirement. In a study that did use the EC technique, Duesterhaus [47] compared the annual ET of an even-aged (of about 50 years old) redcedar site and an adjacent prairie site in Kansas with an average annual precipitation of 880 mm. Annual total ET for the woodland site was 885 mm compared to 813 mm from the prairie site, a difference of 8%. This indicates that a mature redcedar site is capable of evapotranspiring all precipitation for a year with average precipitation in that site. In a year of below-average precipitation (677 mm), separate measurement of interception and transpiration suggested that all precipitation was either intercepted or transpired and exited back to the atmosphere in a stand with complete canopy closure of redcedar trees in a site at the Central Great Plains [23] . Hydrus 1-D model simulations over a 13 year period from 2000-2012 using climate data (precipitation, wind speed, air temperature, dew point temperature, atmospheric pressure, and solar radiation) from a site in Oklahoma showed that, on average, ET accounts for 45% of the reference ET (ET o ), but over 95% of the precipitation [24] . ET simulation using the Soil & Water Assessment Tool (SWAT) suggested that the ET was higher under the redcedar cover than under tallgrass prairie cover, and that the difference increases in a wetter basin or under higher precipitation [25] .
These studies, using different approaches and being conducted at multiple spatial scales, mostly agree that encroachment of redcedar increases total ET loss. The increase in ET usually accounts for only a few percent of the total precipitation. Considering the average runoff coefficient, the percentage of precipitation that will become runoff, for this region is low, this level of increase in ET will substantially reduce, and ultimately eliminate runoff or groundwater recharge, or likely both [26] .
Transpiration
Redcedar is commonly believed to be a "water guzzler" meaning active and aggressive water use. The water use of redcedars of different sizes and canopy forms was measured using sap flow techniques in the Sand Hills of Nebraska [39] and central Oklahoma [23, 27] . Redcedar was found to transpire as long as the air temperature exceeded −3 • C [23] , which allows the redcedar to transpire most days of the year, even when grasses and deciduous trees are dormant. The amount of water transpired by a given redcedar tree is a function of tree size, atmospheric conditions, and availability of soil water [23] . In a study by Caterina et al. [23] , the overall daily average water use was about 24 L per tree, but the largest trees transpired 50-60 L day −1 , with one tree using an extremely high value of 161 L day −1 . Redcedars in low density stands were found to use more water than redcedars with a similar diameter, but located in denser stands [23, 27] . However, there was no significant difference in stand-level water use when expressed on a canopy area basis [23] .
Stand level transpiration averaged 413 mm year −1 in Nebraska in a year with above-average precipitation [39] . A later study conducted in central Oklahoma in a hot and drought year reported a similar value of stand-level transpiration (431 mm) [23] . Direct comparison of stand-level transpiration between grassland and redcedar is usually unavailable. For grassland, transpiration was mostly measured together with evaporation as evapotranspiration based on energy balance, remote sensing, or eddy flux techniques [28] . Partitioning evapotranspiration into transpiration and evaporation remains a formidable challenge in the tallgrass prairie [49] .
The sapflow density of redcedar, the water flux per unit sapwood area, is relatively low among the associated sub-canopy species in a moist pine forest [50] . A global synthesis showed that the daily water use of a mature tree for most tree species ranges from 10 to 200 L day −1 [51] . Comparatively, redcedar has a relatively low daily water usage among tree species, ranging from 1.0 to 65 L [23] . Water guzzler might not be a correct characterization of redcedar regarding its active water extraction from soil.
Evaporation from Vegetation (E c and E l )
Precipitation capture by canopy interception and subsequent evaporation is an intensively studied process in forest hydrology. After multiple decades, the research community has generally embraced the idea that the ratio of precipitation lost to forest canopy interception is highly variable depending on climate and tree species.
A few studies have directly quantified the rainfall loss to redcedar trees in the tallgrass prairie where snow input is insignificant [27, 29, 47] . These studies concluded that a relatively high proportion of rainfall (over 35%) fails to reach the soil surface. The ratio of this loss differs significantly among different grass species [52, 53] . A few studies showed that the rainfall loss to the canopy of tallgrass prairie was quite substantial, ranging from 25% to 60% of bulk rainfall [54, 55] . These ratios are generally much higher than the ratios estimated for Southern pine plantations under similar climatic regions [56] and typical forest temperature in colder climates [57] .
The canopy structure of redcedar is closely associated with its growth form. A redcedar tree growing in open space differs greatly from that in the closed canopy in the shape and foliage density. Additionally, precipitation may approach the entire canopy profile, from multiple directions and angles, for a redcedar tree in the open. That difference increases the spatial heterogeneity in addition to the temporal variability of canopy interception. The low rainfall input angles affect the redistribution between throughfall and stemflow through the branch funneling. Small redcedar trees growing in the open were reported to have one of the highest funneling ratios, the ratio of rainfall amount delivered to the base of the tree to the rainfall that would have reached the ground should the tree were not present, for woody plants [29] , facilitating stemflow and channeling rainfall towards the litter layer and soil surface.
The litter layer of scale-like redcedar foliage usually forms a uniform, spongy layer up to a few centimeters in depth if undisturbed. For example, with a 3 cm litter layer, a substantial amount of throughfall, up to 8% of precipitation, can be retained before reaching the mineral soil [58] .
Considering the direct impact of climate and precipitation regime on interception rate, it holds great value to directly compare rainfall loss between redcedar and grassland to interpret its relative impact on water cycle under the same climate condition. A full year study accounting for canopy interception of every single rainfall event for open-grown and closed grown redcedar trees and intact tallgrass prairie (not grazed) was conducted during a dry and hot year in Payne County, OK of the central Great Plains, USA [29] . Results showed that redcedar trees had relatively high canopy storage capacity, and the interception ratio was similar for open or closed grown trees based on the canopy coverage. Except for a notable increase in interception ratio during the hot summer, the monthly rainfall interception ratios for redcedar trees were quite constant. In contrast, the monthly rainfall interception ratios for tallgrass prairie were highly variable and increased with the grass canopy development and peaked at its senescence. The accumulated loss of precipitation to the tallgrass prairie was significantly lower than that to the redcedar woodland during the earlier growing season and the full growing season. The ratios of precipitation loss to senescent tallgrass prairie were high and highly variable. The annual canopy interception ratio of intact tallgrass prairie was not statistically different from well-developed redcedar woodland.
Evaporation from Soil
Evaporation from bare soil has not been widely considered in the relatively well-vegetated tallgrass prairie system. This is likely due to the relative directness of quantifying the grassland ET as a whole using an EC system, which avoids the need to quantify E and T separately. If the purpose is to estimate the impact of redcedar encroachment on the availability of water resources, then quantification of ET is more direct and relevant. Soil evaporation, if desired, could be back-calculated through an ET partitioning procedure using isotopic techniques [49] .
Soil Water
Engle et al. [30] were among the first to show that, in the loamy soil-dominated rolling plains of central Oklahoma, soil moisture underneath a redcedar canopy was much lower than that in the adjacent grassland. Smith and Stubbendieck [40] reported that soil moisture underneath redcedar canopy was lower than for the open prairie in coarse textured soils in Nebraska. A moderate decrease in soil moisture under redcedar canopy was reported during the non-growing season when grasses were senescent [41] . Using solute mass balance methods, Adan and Gates [42] found that soil moisture averaged 2.5% under redcedar compared to grasslands with an average of 9.7%. Pierce and Reich [43] conducted a study investigating the influence of redcedar encroachment on a remnant prairie on a slope with shallow soils in Minnesota and reported an increase in soil moisture under redcedar canopy and attributed this increase after capture of overland flow by the soil under the redcedar trees perhaps due to greater infiltration rates. Similarly, spatial heterogeneity of soil moisture pattern associated with the presence or absence of individual tree canopy was reported to be caused by the hydrophobicity behavior induced by redcedar litter properties [31] . As a result, time, topographic location, and climate may all affect the soil moisture responses to redcedar encroachment.
Depletion of soil moisture after redcedar encroachment is not consistent throughout the soil profile. Acharya et al. [32] observed more depletion of deep soil water than from the surface soil. It is widely believed that junipers are capable of developing deeper rooting systems than most coexisting grass species and are physically capable of accessing water at depths unavailable to grasses, as suggested for juniper species in general [59] . Physiologically, redcedar exhibits flexibility by exploiting water from deeper soil layers during dry periods and from the upper soil when shallow water is available [44] .
Phenologically and climatically, the carbon assimilation transpiration of the evergreen foliage of redcedar in a generally warm and dry autumn and winter in the central and Southern Great Plains could drive the depletion of deep soil moisture and result in the reduction of coherence or correlation between precipitation and deep soil moisture [60] . Depletion of the deep soil profile is associated with the reduced groundwater recharge potential at the local scale [32] .
Zou et al. [33] conducted a multi-year study on three grassland micro-catchments and four adjacent redcedar dominated micro-catchments near Stillwater, Oklahoma. Results from the study indicated that soil water storage on the encroached catchments were generally lower than that on the grassland catchment, especially preceding the peak rainfall and runoff season in the spring and early summer, leading to reduced potential for surface runoff, in particularly, the saturated overland flow [61] and interflow components [33] .
Impact on Water Resources Available for Non-Ecosystem Use
A large portion of water resources in the Great Plains exists in the forms of surface storage such as reservoirs and ponds, or subsurface storage such as aquifers. Depending on the location, the relative importance of these two forms of water resources to society is different and could be differently affected by redcedar proliferation.
The majority of surface water storage in the semi-arid and sub-humid region is replenished with storm flow dominated by surface runoff. Natural runoff from rangeland is intermittent and usually ranges from 25-125 mm in depth annually for the study region [33, 62, 63] . Further reduction of the runoff from the rangeland would quickly translate to water stress for an aquatic ecosystem and affect many municipal water supplies.
Surface Runoff
Less runoff was observed for upland grassland watersheds heavily encroached by redcedar as compared to upland native prairie watersheds in the rolling hills of north-central Oklahoma [33, 34] . For years with average precipitation, the annual runoff coefficients for grassland watersheds in this study were approximately 0.1, and this ratio was observed to reduce to approximately 0.02 for the redcedar woodland watersheds [33] -an 80% reduction. This reduction was associated with a reduction of both surface and subsurface flows, and the magnitude of reduction depended on annual precipitation [34] . No or negligible runoff was observed from the redcedar watershed during drought years [35] .
Wine and Hendrickx [24] used Hydrus 1D [64] to simulate the change in water balance after redcedar encroachment into the tallgrass prairie. They reported that runoff only occurred in five of the 13 years from 2000-2012 with a two-thirds reduction in deep drainage. Modeling simulations were conducted to understand the impact of redcedar encroachment on the water budget in the Cimarron River basin [25] and North Canadian River basin [36] of Oklahoma. Under the climate conditions of the period 1988-2009, complete conversion of the rangelands in the Cimarron River basin to redcedar woodlands would lead to (1) reduced streamflow throughout the year, with the largest reduction in April and May, and (2) reductions of up to 40% in annual streamflow for the drier, upper portion of the basin, and approximately 20% reduction for the entire basin [29] . This similar process in the North Canadian River basin would result in a reduction in stream discharge equal 112% of current municipal water demand and 89% of the projected 2060 demand of Oklahoma City [36] . A more realistic conversion of 20% of grassland of North Canadian River basin to redcedar would reduce stream discharge by an amount of water equivalent to ≈27% of the current water demand, or ≈21% of the projected 2060 demand [36] .
Subsurface Flow and Groundwater Recharge
Redcedar encroachment affects deep soil moisture dynamics, subsurface flows (see Reference [34] and groundwater recharge [24] ). These processes are highly related to the alteration of infiltration capacity, soil water, rooting interaction, and the water percolation pathway.
Infiltration rate and capacity is the fundamental process partitioning precipitation to the surface and subsurface pathways. The initial and steady-state infiltration rates under the redcedar canopy were observed to be nearly triple that of the grassland catchment and were intermediate in the inter canopy spaces within the encroached catchment [33] . The increased infiltration capacity is spatially dependent due to the existence of interspaces, which are a unique difference between encroached, sparsely covered landscape, and traditional forest. With the reduction in grazing intensity, the infiltration capacity increases with encroachment. The increase in infiltration capacity has two likely causes: Decrease in soil bulk density associated with a reduction in compaction and increase in soil organic matter.
Increased infiltration and potential for recharge was reported with afforestation in semi-arid agroecosystems [65] . An increase in infiltration after redcedar encroachment would promote downward percolation of soil water, theoretically enhancing deep recharge and groundwater recharge, if water is available. However, the existing evidence from the entral and North-central Great Plains point in the opposite direction, and a detailed review of woody plant encroachment on groundwater is available from a recent review by Acharya et al. [66] . In general, the groundwater recharge in an upland location in the rangeland is small. There are three lines of evidence suggesting that localized groundwater recharge reduces after redcedar encroachment into a moderately grazed grassland in the central Great Plains. Simulation using 1-D Hydrus gave a recharge average of 30 mm under grass, but only 11 mm under redcedar [24] . This estimate was further adjusted down to 9.0 mm year −1 in tallgrass prairie and 0.3 mm year −1 in the encroached site based on the chloride mass balance method [37] ). Electrical imaging techniques detected reduced downward migration of soil moisture under redcedar encroached site compared with grassland and oak stands [32] . Similar results were found in situ in the Nebraska Sandhills where recharge in the native grassland was measured at 27 mm year −1 compared to 4 mm year −1 in the redcedar forest, and a reduction of 85% [42] .
Delayed flow was observed during wetter periods for upland grassland micro-catchments, but rarely in the paired redcedar encroached catchments in the South-central Great Plains [33] . This extended flow in the grassland may be connected with a perched aquifer. This is likely because the interflow on these small upland catchments only exists when excess soil water is released as subsurface flow, which only occurs when soil water contents are above field capacity and a perched water table forms. Soil water content on the encroached catchment was rarely high enough to generate a perched water table during the period of the project [58, 66] . The level of the perched water table fluctuated between 1.2 to 2.6 m under the grassland site, which was higher than the water level under the juniper-encroached site that fluctuated between 2.7 and 3.0 m during our study period [32] .
Conversion of plant functional form from herbaceous dominance to evergreen woody dominance may change the soil-plant-atmospheric continuum by increasing the rooting system access to deep soil moisture and increasing energy partitioning to latent heat in the boundary layer. Consequently, redcedar encroachment into tallgrass prairie results in a general reduction in soil moisture, especially in deeper soil layers and groundwater recharge potential in the dry sub-humid region [32, 37] .
Redcedar Control and Recuperation of Water
The justification and effectiveness of brush treatment solely to increase runoff have been controversial and inconclusive [67] [68] [69] . For meaningful recuperation of water for non-ecosystem use, the climatic condition, the soil and substrate types, the woody plant cover and density, the topographic location, and the spatial scale of the treatment are all essential factors to be considered [70] .
Management has traditionally targeted high-density redcedar woodlands under the assumption that such investments will have the most impact on runoff and groundwater recharge and more meaningful salvage of water per unit treatment. However, the expense of conducting mechanical treatments makes their use impractical given the scale of grassland transitions to redcedar dominance [71] . Thus, even though the total acreage predominantly under redcedar canopy is still relatively small compared to the total acreage vulnerable to encroachment in the central and North-central Great Plains, the water security is more likely to be successful if investments are made to prevent further transitions to redcedar woodland than investments made to recuperate water after losses are realized. This is a fundamental prediction of resilience theory, a loss of resilience subjects the ecosystem to a drastic switch to an alternative state [72] , and is meant to guide improved decision-making in the face of unexpected transitions to ecological states with lower ecosystem service provisioning [73] .
Preventative research implementing precautionary principles have yet to be included as part of hydrological assessments, and studies are predominantly reactionary in nature. A preliminary trial of mechanically removing redcedar woodland from an upland hillslope showed a substantial increase in surface runoff [74] . However, the runoff response to the removal of the discrete redcedar trees or patches at the watershed or subbasin scale has not been examined, and it is likely less promising in percentage increase of runoff with the increase in scale. Additionally, its impact on soil disturbance, pulsed responses of sediment production, and the recovery trajectory of vegetation and hydrological function is not well understood.
Challenges and Potential Opportunities
Water Security in a Warmer World
Availability of water resources for non-ecosystem use is related to precipitation, soil hydrological conditions, and ecosystem water consumption. For the current redcedar encroaching region, the precipitation comes mainly during the growing season, often in heavy storms. The soil dominating the current distribution of redcedar encroachment are ustic, and the natural vegetation is still predominantly herbaceous plants. Drought is frequent and runoff and recharge are generally low and highly variable.
An example of an area that is facing water security concerns in the region is Oklahoma City, Oklahoma. Oklahoma City is one of the largest cities experiencing rapid population growth and demand in water. About 25% of Oklahoma City's water supply comes from the North Canadian River [36] . If all grasslands in the North Canadian River watershed were replaced by redcedar, the simulated reduction in stream discharge would equal 112% of current municipal water demand and 89% of the projected 2060 demand [36] . This simulation result illustrates the connection between redcedar encroachment and localized surface water resources.
Irrigated agriculture is paramount in many parts of the region, particularly in Kansas and Nebraska, which rely heavily on groundwater withdrawal for irrigation. The potential impact of redcedar on groundwater recharge remains mostly unknown, but can be substantial as future droughts are predicted to become more severe and higher temperatures will increase vegetation water use and depletion of soil moisture or groundwater. Groundwater levels reached a record one-year decline in Nebraska following the 2012 drought, and farmers were ordered to halt crop irrigation. Nebraska irrigates more land than any other state, and 80% of public drinking water and nearly all private water supplies are from groundwater withdrawals [75] . In addition to agricultural use, public drinking water has the potential to be an unexpected impact of a systemic transition to redcedar woodland (an area of active scientific investigation). The two largest cities in Nebraska, Omaha and Lincoln, receive their water from a well field along the Platte River. The flow in the Loup River, which drains the Sandhills, averages 48 m 3 s −1 , compared to its receiving water body, the Platte averages 52 m 3 s −1 [76] . With nearly 50% of the Platte River originating from the Sandhills, significant streamflow depletion is predicted to put the water source for nearly one million residents at risk. The flow in the Loup is dominated by groundwater and therefore has a more constant discharge than the flashier Platte River. During periods of drought, 100% of the water in the Platte River originates from the Loup River. Without this contribution, the Platte River near Omaha may be dry during drought years.
Water Quality
There is a dilemma regarding water quantity vs. water quality from surface runoff. Agricultural and environmental engineers have strived to create conditions to minimize surface runoff and non-point pollutants on cropland and urban areas, leaving the runoff from rangeland even more critical for both the aquatic ecosystem and municipal supply. If runoff originating from rangeland is to decrease, the water quality downstream would most likely decline due to the dilution factor. For example, the average nitrate concentration in the Platte River above the confluence is 2.6 mg L −1 compared to 0.62 mg L −1 in the Loup River [77] . The low-nitrate water in the Loup River dilutes the high-nitrate water in the Platte River.
A few studies of this topic suggest that the sedimentation in the runoff from the well-managed tallgrass prairie is usually low [78] , although grazing intensity could increase the sediment yield [31] . In general, we have limited information on redcedar encroachment impact on sediment yield in the tallgrass prairie in the Great Plains. Recently, Lisenbee et al. [38] predicted higher sediment yield under redcedar compared to tallgrass prairie using Water Erosion Prediction Project model, but calibrations of such models using field-measured parameters are still lacking.
Precipitation Loss to Grass Canopy Interception
The precipitation lost to vegetation canopies is "wasted" from the perspective of both water resource managers and ranchers. We do not have good baseline data on the grassland canopy interception, particularly under prevailing conditions associated with management such as annual burning, fire and grazing interaction, hay, or a biomass-based biofuel production system. The reported values of canopy interception of tallgrass prairie were mostly estimated under the intact condition, but the majority of tallgrass prairie in the South-central Great Plains, USA is grazed and exposed to regular fire, both removing a substantial portion of biomass (live and dead) from the land surface and reducing the effective interception surface. As a result, water loss to canopy interception from a working grassland should be much lower than what we know from intact grassland. Technically, there is no reliable way to estimate the stemflow from grass, and it remains unclear whether it is an important component of the net rainfall in the grassland.
The litter layer in grassland is mostly affected by the management. It may be debatable whether or not the senescent grasses should be treated as litter or canopy. Field observations indicate a consistent litter layer of 2-4 cm under redcedar canopy. This litter layer could add another approximately 5% rainfall interception to the total rainfall interception. Grassland litter decomposes much faster compared with redcedar [79, 80] and in situ observations suggest that the litter mass is negligible before senescence.
Soil Type, Substrates, and Infiltration
Soil and bedrock greatly affect the vegetation and soil moisture interaction and therefore runoff and recharge processes. Most of the current research has been conducted in the rolling plains in the Southern part of the central Great Plains where localized recharge is low. In contrast, the Sandhills of Nebraska, recharge is likely to occur in the coarse textured soil substrates [42] . How redcedar encroachment may affect groundwater recharge at a regional scale deserves further study for water resources management.
Change in infiltration is fundamental in driving the hydrological mechanism. However, so far, the study on infiltration has been very local using disc infiltrometer [31, 45] and double ring approaches with a head [33] . Those approaches fail to capture the heterogeneity characterized by the encroaching process. Further research may need to focus on infiltration change on the larger scale, capturing the site heterogeneity in redcedar encroached watershed.
Land Surface and Climate Interaction
Encroachment of redcedar into grassland decreases the albedo and energy exchange. Simulations have shown that conversion of a large region of the Southern Great Plains into redcedar woodland would have substantial climate feedback including a potential increase in regional precipitation [81] . Soil moisture is important for climate and atmospheric feedback and affects weather; there is a need to estimate soil moisture at a scale relevant to climate projection and relevant to remote sensing. As a result, the scaling of soil moisture related to the heterogeneous landscape due to redcedar encroachment is needed.
Redcecar encroachment and its impact on water resources is greatly affected by climate. Volder et al. [82] indicates that climate warming and altered precipitation patterns will further accelerate juniper encroachment and increasing tree density in a warm-temperate oak savanna. Additionally, Western juniper (Juniperus occidentalis) expansion into Great Basin sagebrush steppe, a similar process occurring in a more arid environment, and its hydrological impact have been intensively investigated [83, 84] . As a result, further studies may consider integrating existing research findings concluded from a range of climate conditions with juniper encroachment or expansion to assist the prediction of encroachment impact under climate change and the development of ecohydrological model for forecasting the land surface and climate interaction on climate feedback and water resources at a regional scale.
Redcedar Encroachment into Deciduous Forest
While less obvious than encroachment into rangelands, fire exclusion has caused encroachment and densification of forests within the Great Plains. Re-measurement of forest stands throughout Oklahoma initially sampled in the 1950s indicated that redcedar increased from 0.05 to 2.71 m 2 ha −1 for basal area and from 0.73 to 23.85 stems ha −1 , while the overall stand basal area and stand density roughly doubled [17] . In the post oak (Quercus stellata) dominated Cross Timbers forest of North-central Oklahoma, fire-intolerant redcedar and mesic hardwoods such as Celtis spp. and Ulmus spp. began to be established during the 1950s [4] . The resultant forests are currently closed-canopy with overstory basal area of 19.0 m 2 ha −1 and a midstory and sapling layer dominated by redcedar and Celtis spp. In addition, cottonwood-dominated riparian areas are becoming denser as well [85] . The Forest Inventory and Analysis data collected by the USDA Forest Service indicate that future composition of forests in the region will likely be further altered if the current trends in redcedar encroachment continue [13] .
Forests have long been positively linked to the availability of water resources, and oak forest plays an essential role in the region. In addition to grassland, the potential impact of redcedar encroachment into oak forest and the potential change in water budget with riparian forests are highly uncertain and deserve special attention from water resource management.
Cross-Scale Hydrological Modeling and Forecasting
Due to the complexity of the water cycle, heterogeneous watershed characteristics, and the various levels of redcedar encroachment in watersheds throughout the Great Plains, there is a need for future scenario analysis to assess probable future impacts of continued redcedar encroachment and land use change. Most studies have been empirical in the Great Plains and are focused on current landscape configurations. An opportunity exists for studies to develop future scenarios of change that forecast complexities in the hydrologic system to valued water resources in the social-ecological system as redcedar encroachment continues and progresses to an alternative juniper-dominated state in a region with no historical analogue.
Conclusions
Sufficient data and model simulation have been gathered to demonstrate the altered hydrological processes and the re-balance of water budget from hill slope to water basin scales after redcedar encroachment in rangeland. The infilling or replacement of an evergreen woody canopy into the warm season grass-dominated herbaceous canopy increases ecosystem productivity and drives up evapotranspiration from the plot scale to the landscape scale. At present, the total acreage predominantly under redcedar canopy is still relatively small compared the total acreage vulnerable to encroachment. The actual impact of redcedar on water resources is still mostly localized, meaning that empirically-derived scientific inquiries may not capture the full range of impacts to the hydrological system at watershed scales or for the regional hydrologic network. Model simulations from the South-central Great Plains all suggest that a substantial decrease in runoff component would occur if all rangelands vulnerable to transition were to converted to eastern redcedar woodland. However, whether a location is to be converted to a closed tree canopy will hinge on the climate, soil, and anthropogenic interactions. As a result, some of the scenario simulations may serve as an upper theoretical boundary of potential impacts that differs from realized reductions in runoff or groundwater recharge.
A shift from grassland to redcedar woodland is due predominantly to the unintended consequences of changes in the Great Plains' fire regime and a century of human proliferation of propagules. This vegetation transition, when combined with changes in climate and competition for water provisioning for human use, is going to result in a suite of changes in ecosystem services, and the water provision is only one of them. A generally accepted principle from studies of ecological resilience is that it is in humanity's best interest to avoid regime shifts, whenever possible, to avoid compromising critical resources upon which society relies. Active intervention and transformative governance of the policies and programs tied to redcedar proliferation are needed where rangeland runoff is critically essential for sustaining the wetland habitats, ameliorating stressed municipal water supply, or where unconfined aquifer recharge is active. Scientific research has established a clear impact of redcedar on water balance that is of practical concern for sustainable water resource management. For some regions, redcedar control or removal solely for water salvage may not be economically feasible; however, acting to conserve water resources when redcedar continues to be absent or rare, applies a cautionary approach that is known to be more economically viable and ecologically impactful.
